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DESCRIPTION 



SIGNAL PROCESSING METHOD, SIGNAL PROCESSING 
CIRCUIT AND INFORMATION RECORDING/REGENERATING 

APPARATUS 

TECHNICAL FIELD 
The present Invention relates generally to 
a signal processing method, signal processing 
circuit and Information recording/regenerating 
apparatus utilizing a partial response, and more 
particularly, to a signal processing method, 
signal processing circuit and Information 
recording/regenerating apparatus best suited to 
perform high density recording with reduced 
medium noises . 

BACKGROUND ART 
Recently, recording density of magnet disk 
units Is dramatically Increasing. This Is 
largely attributable to a highly- sensitive MR 
head (Magneto-Resistive effect head) . 
Simultaneously, this Is also largely 
attributable to practical use of PR4ML (Partial 
Response class 4 Maximum-Likelihood) method 
which can perform regeneration with low S/N ratio 
as signal processing method, rath r than 
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conv ntional peak detection method. Th PR4ML 
method removes waveform Intervention by 
utilizing partial response, reduces noises by 
lowering a frequency band, and performs 
5 convolution according to 
U(T)=(1-D) (1+D) n 

D: delay operator Indicating one (1) bit 
delay, 

and then, finds a signal with maximum- likelihood 

10 from regeneration signals containing 
disturbances such as noises by a 
maximum- likelihood detecting circuit with 
Viterbl algorithm. At this point, the 
convolution of (1+D) has the transfer constant 

15 shown in Fig. 1, and Is Improved to Increase the 
order n to 2 or 3, In order to reduce noises of 
high-frequency band. As a result, though the 
maximum- likelihood detecting circuit becomes 
more complicated, error rate Is Improved. The 

20 order n is limited up to 3, and in case that it 
was increased to more than 3, Improvement of the 
error rate was little* In the noises regenerated 
In magnetic recording, the large power noises are 
contained In a low- frequency band, rather than a 

25 high-frequency band. Most of the noises in the 
high-frequency band are distributed 
substantially uniformly throughout the bandwidth 
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of noises such as pre-amplif ier noises and MR head 
noises* Contrary, a peak of power of medium 
noises is present relatively near the 
low-frequency band, partially depending on 
5 materials of recording medium. Recently, since 
an area of one (1) bit is closing In on that of 
particles of magnetic materials, the medium 
noises are increasing, therefore some recording 
medium have the marked peak of power In 

10 low-frequency band, as showing in Fig. 2. Also, 
side-crosstalk from adjacent tracks becomes 
larger in lower frequency band, because of the 
nature thereof* Conventionally, it is believed 
that the convolution of (1+D) Is enough for the 

15 noises in low-frequency band* In this point, it 
is believed that the convolution of (1+D) has 
transfer characteristic showing in Fig. 3, and 
reduces the noises in low-frequency band. 
However, since this convolution in magnetic 

20 recording is actually performed In a recording 
system before generation of the medium noises, and 
an equalizing target thereof is characteristic 
showing in Fig. 4, therefore the convolution of 
(1 + D) does not act on the noises In low- frequency 

25 band at all, and medium noises Is not affected by 
the transfer characteristic with the convolution 
of (1+D). 



DISCLOSURE OF THE INVENTION 
According to the present Invention, there are 
provided a signal processing method, signal 
processing circuit and Information 
5 recording/regenerating apparatus utilizing 
partial response to reduce the noises In 
low-frequency band and Improve recording 
density. 

According to the present Invention, there are 

10 also provided a signal processing method, signal 
processing circuit and Information 
recording /regenerating apparatus utilizing 
partial response to reduce the medium noises and 
Improve the regeneration error rate. 

15 According to the present Invention, there are 

provided a signal processing method, signal 
processing circuit and Information 
recording /regenerating apparatus utilizing 
partial response to reduce side-crosstalk and 

20 Improve the regeneration error rate* 

The present Invention provides a signal 
processing method utilizing a partial response to 
record Information on a medium and then regenerate 
the Information from the medium, wherein a 

25 regeneration signal from the medium Is subjected 
to an quallzlng process Including the 
convolution of 
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(k-sD) 

where D : one (1) bit delay operator, and 

k, s: positive Integer, k * s . 
In the present Invention, the Information Is 
5 decoded from the signal equalized through the 
convolution of (k-s-D), by use of 
maximum- likelihood detection. In this manner, 
by performing a convolution of (k-s-D) in a 
regenerating system, the present invention can 
10 reduce low- frequency band noises and Improve the 
error rate. Also, by making the convolution as 
(k-s-D) and optimizing k and s, it is possible to 
obtain optimum filter characteristics suitable 
for characteristics of the medium noises and 
15 Improve the error rate* 

The present invention provides a signal 
processing circuit utilizing a partial response 
to record information on a medium through a 
recording system and regenerate the information 
20 from the medium through a regenerating system, 
wherein the regenerating system Includes an 
equalizer subjecting a regeneration signal from 
the medium to the convolution of 

(k-s-D) 

25 where D: one (1) bit delay operator, and 

k, s: positive integer, k * s . 
The signal proc sslng circuit comprises a 
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maximum- likelihood detector which decodes the 
Information from an output signal of the equalizer 
by use of maximum- likelihood detection. 

The present invention provides a signal 
5 recording/regenerating apparatus utilizing a 

partial response to record information on a medium 
through a recording system and regenerate the 
information from the medium through a 
regenerating system, wherein the regenerating 
10 system Includes an equalizer subjecting a 
regeneration signal from the medium to the 
convolution of 
( k- s * D ) 

where D: one (1) bit delay operator, and 
15 k, s: positive integer, k * s . 

The signal recording/regenerating apparatus 
comprises a maximum-likelihood detector which 
decodes the information from an output signal of 
the equalizer by use of maximum- likelihood 
20 detection. 

The present invention provides a signal 
processing method utilizing a partial response to 
record Information on a medium and then regenerate 
the information from the medium, wherein a 
25 record signal recorded on the medium is subjected 
to the convolution of 
(1-D) 
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where D: one (1) bit delay operator, and 
wherein a regeneration signal from the medium Is 
subjected to an equalizing process Including the 
convolution of 
5 (k-s D) (1 + D) n 

where D: one (1) bit delay operator, 

k, s : positive Integer, and 

n: positive Integer, except 2. 
The Information Is decoded from the thus equalized 
10 signal by use of maximum- likelihood detection. 

By performing the convolution of (k-s*D) In 
the regenerating system, in addition to the 
convolution of (1-D) for Input signals In the 
recording system (which has no effect to reduce 
15 low-frequency noises), the present Invention can 
reduce noises In the low-frequency band. By 
performing the convolution of (1-D) in the 
regenerating system, the present Invention can 
reduce noises in the high-frequency band. Also, 
20 by making the convolution as (k-s-D) and 

optimizing k and s. It is possible to obtain 
optimum filter characteristics suitable for 
characteristics of the medium noises and Improve 
the error rate. 
25 The present invention provides a signal 

processing circuit utilizing a partial response 
to record information on a medium through a 
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recording system and regenerate the Information 
from the medium through a regenerating system, 
wherein the recording system Includes a circuit 
unit subjecting a record signal recorded on the 
5 medium to the convolution of 
U-D) 

where D: one (1) bit delay operator, 
and wherein the regenerating system Includes an 
equalizer subjecting an output signal from the 
10 medium to the convolution of 
(k-s D) • (1+D) n 

where D : one (1) bit delay operator, 

k, s : positive Integer, and 

n : positive Integer, except 2. 
15 A maximum- likelihood detector Is further 

disposed which decodes the Information from an 
output signal of the equalizer by use of 
maximum- likelihood detection . 

The present Invention provides a signal 
20 recording/regenerating apparatus utilizing a 

partial response to record Information on a medium 
through a recording system and regenerate the 
Information from the medium through a 
regenerating system, wherein the recording 
25 system Includes a circuit unit subjecting a record 
signal recorded on the medium to convolution of 

(1-D) 
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where D: one (1) bit d lay op rat or, and wherein 
the regenerating system Includes an equalizer 
subjecting a regeneration signal from the medium 
to the convolution of 
5 (k-s-D) ■ (1+D) n , 

where D : one (1) bit delay operator, 
k, s: positive Integer, and 
n : positive Integer, except 2. 
A maximum- likelihood detector Is further 
10 disposed which decodes the information from an 
output signal of the equalizer by use of 
maximum- likelihood detection . 

BRIEF DESCRIPTION OF DRAWINGS 
Fig. 1 is a transfer characteristic diagram 
by the convolution of (1+D) effected In the 
conventional regenerating system; 

Fig. 2 Is a power spectrum characteristic 
diagram of medium noises; 

Fig. 3 is a transfer characteristic diagram 
by the conventional convolution of (1-D) In the 
recording system; 

Fig. 4 is a characteristic diagram of an 
equalizing target in a conventional PR4ML method; 

Fig. 5 is a block diagram of a hard disk drive 
to which th pres nt invention is applied; 
Fig. 6 is a block diagram of a first 
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mbodiment of the pres nt Invention covering a 
(1-D) 2 - (1+D) 1 PRML structure; 

Fig. 7 Is a characteristic diagram of an 
equalizing target of the first embodiment of Fig. 
5 6; 

Fig. 8 Is a schematic chart of an Impulse 
response waveform represented by an equalizer 
output of Fig. 6; 

Fig. 9 Is a block diagram of a read channel 
10 of Fig. 5, according to the first embodiment; 

Fig. 10 Is a transfer characteristic diagram 
of a head/medium system In Fig. 9; 

Fig. 11 Is a transfer characteristic diagram 
of an equalizer. Including a low-pass filter, of 
15 Fig. 9; 

Fig. 12 Is a schematic diagram representing 
relationship of H(f ) Q(f )=R(f ) G(f ) , which gives 
equalizing target characteristic of Fig. 7, by 
transfer characteristic diagrams; 
20 Fig. 13 Is a trellis diagram used by a 

maximum- likelihood detecting circuit of Fig. 9; 

Fig. 14 is a block diagram of the 
maximum- likelihood detecting circuit of Fig. 9; 
Fig. 15A to Fig. 151 are time charts of record 
25 regeneration by ( 1 -D ) 2 ■ ( 1 + D ) 1 PRML; 

Fig. 16 is a block diagram of a second 
mbodiment of the pres nt invention covering a 



11 

( 1-D) • ( 1-2D) ■ ( 1+D) 1 PRML structure; 

Fig. 17 Is a characteristic diagram of an 
equalizing target of the second embodiment of Fig. 
16; 

5 Fig. 18 is a schematic chart of an impulse 

response waveform represented by an equalizer 
output of Fig. 16; 

Fig. 19 is a transfer characteristic diagram 
of an equalizer of Fig. 16; 
10 Fig. 20 is a schematic diagram representing 

relationship of H(f ) Q(f )=R(f ) G(f ) , which gives 
equalizing target characteristic of Fig. 17, by 
transfer characteristic diagrams; 

Fig. 21 is a trellis diagram used by a 
15 maximum- likelihood detecting circuit of Fig. 16; 

Fig. 22A to Fig. 221 are time charts of record 
regeneration by ( 1-D) • ( 1-2D) ■ ( 1 + D) 1 PRML; 

Fig. 23 is a block diagram of a third 
embodiment of the present invention covering a 
20 (1-D) • (3-2D) (1 + D) 1 PRML structure; 

Fig. 24 is a characteristic diagram of an 
equalizing target of the third embodiment of Fig. 
23; 

Fig. 25 is a schematic chart of an impulse 
25 response waveform represented by an equalizer 
output of Fig. 23; 

Fig. 26 is a transf r characteristic diagram 
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of an equalizer of Fig, 23; 

Fig. 27 Is a schematic diagram representing 
relationship of H(f ) Q(f )=R(f ) 6(f) , which gives 
equalizing target characteristic of Fig. 24, by 
5 transfer characteristic diagrams; 

Fig, 28 Is a trellis diagram used by a 
maximum-likelihood detecting circuit of Fig. 23; 

Fig. 29A to Fig. 291 are time charts of record 
regeneration by ( 1 -D ) • ( 3 - 2D ) • ( 1+D ) 1 PRML; 
10 Fig. 30 is a block diagram of a fourth 

embodiment of the present invention covering a 
(1-D) (3-2D) • (1+D) 2 PRML structure; 

Fig. 31 Is a characteristic diagram of an 
equalizing target of the fourth embodiment of Fig. 
15 30; 

Fig. 32 is a schematic chart of an Impulse 
response waveform represented by an equalizer 
output of Fig. 30; 

Fig. 33 is a transfer characteristic diagram 
20 of an equalizer of Fig. 30; 

Fig. 34 is a schematic diagram representing 
relationship of H(f)Q(f)=R(f)G(f), which gives 
equalizing target characteristic of Fig. 31, by 
transfer characteristic diagrams; 
25 Fig. 35 is a trellis diagram used by a 

maximum- likelihood detecting circuit of Fig. 30; 
and 



13 

Fig. 36A to Fig. 361 ar time charts of record 
regeneration by ( 1-D) • (3-2D) • ( 1 + D) 2 PRML . 

BEST MODE FOR CARRYING OUT THE INVENTION 
5 Fig. 5 Is a block diagram of a bard disk drive 

to wblcb the present Invention Is applied. In Fig. 
5, the bard disk drive consists of a SCSI 
controller 10, a drive control 12 and a disk 
enclosure 14 . Of course, an Interface with a host 

10 is not limited to the SCSI controller 10, and any 
suitable Interface controllers may be used. The 
SCSI controller 10 Is provided with MCU (Main 
Control Unit) 16, a memory 18 using DRAM or SRAM 
used as a control storage, a program memory 20 

15 using a non-volatile memory such as a flash memory 
storing a control program, a hard disk controller 
(HDC) 22 and a data buffer 24. The drive 
controller 12 is provided with drive logic 26, DSP 
28, a read channel (RDC) 30 and a servo driver 32. 

20 Also, the disk enclosure 14 is provided with a head 
IC 34, and compound heads 36-1 to 36-6 having 
recording heads and regenerating heads are 
connected to the head IC 34. The compound heads 
36-1 to 36-6 are provided to each recording 

25 surface of magnet disk units 38-1 to 38-3, and 
moved to any track positions of the magnet disk 
units 38-1 to 38-3, by driving a rotary actuator 
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with VCM 40. The magnet disk units 38-1 to 38-3 
is rotated by a spindle motor 42 at a constant 
speed* 

Fig. 6 is a block diagram of a basic structure 
5 in a first embodiment of the present Invention, 
and in this first embodiment, ( 1 -D ) 2 • ( 1 + D ) 1 PRML 
structure is covered. A magnetic 
recording/regenerating system In the first 
embodiment is provided with an NRZI recording 

10 system 44, a differential detector 46, a magnetic 
regenerating system 48, an equalizer 50 and a 
maximum- likelihood detecting circuit 52. In 
signal processing in the first embodiment, by 
step-by-step recording of input codes on the 

15 medium in the NRZI recording system 44 at the start, 
pre-codlng of 1/(1-D) and a convolution operation 
of (1-D) can be performed simultaneously. By 
performing differential detection of the input 
codes recorded on the medium with the head as the 

20 differential detector 46, Impulse generation is 
performed. At the MR (magnetoreslstlve effect 
head) , by detecting vertical elements of magnetic 
flux, the same Impulse generation as the 
differential detector 46 is obtained. As head 

25 output, an Impulse response waveform of transfer 
characteristic H(f ) of th magnetic regenerating 
system 48, which determined by frequ ncy 
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characteristic of the medium and the h ad. Is 
regenerated. The product of the transfer 
characteristic H(f ) of the magnetic regenerating 
system 48 and transfer characteristic Q(f ) of the 
5 equalizer 50 Is characteristic which Is 

equalizing target of the regenerating system, 
given by the product of transfer characteristic 
R(f ) of a Nyqulst equalizer and (l-D)(l+D)=G(f). 
Therefore the relationship Is represented by 

10 following equation. 

H(f ) Q(f )=R(f ) G(f ) (1) 
Fig. 7 shows the equalizing target 
characteristic of the regenerating system In the 
first embodiment of Fig. 6, given by the equation 

15 (1). In this figure, characteristic 56 shown by 
a dotted line is cosine roll-off characteristic 
R(f ) of the Nyqulst equalizer, and fn is a Nyqulst 
frequency. Comparing equalizing target 
characteristic 54 of first embodiment of Fig. 7 

20 with conventional equalizing target 

characteristic of Fig. 4, In equalizing target 
characteristic 54 of first embodiment, gain Is 
substantially reduced in low-frequency band. 
The transfer characteristic Q(f) of the 

25 equalizer 50 of Fig. 6 to achieve these equalizing 
target charact rlstlc 54 is adjusted to 
Q(f )=R(f )/{H(f ) G(f )> (2) 
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according to th quatlon (1). In output of the 
equalizer 50 adjusted to the transfer 
characteristic Q(f) of the equation (2), an 
Impulse response waveform 58 showing In Fig. 8 Is 
5 obtained. In this Impulse response waveform 58, 
a partial response equalizing waveform, which 
becomes +1 at time -1, -1 at time +1T and 0 at other 
time ±nT (n Is Integer), Is obtained. At this 
point, time T is T=l/fn. Further, an Impulse 

10 response waveform 60 shown by the dotted line Is 
a waveform corresponding to a negative Impulse. 
This Impulse response waveform is, for 
convenience of description, shown by a waveform 
without noises, but actually is in the form with 

15 convoluted noises, and fluctuates with the noises 
around the value. 

The maximum-likelihood detecting circuit 52 
of Fig. 6 detects the convolution code from the 
partial response equalizing waveform with the 

20 convoluted noises output from the equalizer 50, 
according to Viterbi algorithm. In the first 
embodiment, since convolution of (1-D) in the NRZI 
recording system 44 and convolution of (1-D)* 
(1+D) in the magnetic regenerating system 48 are 

25 performed, by expanding these expression, a 
following one is obtained. 
( 1-D) 2 ( 1+D)=1-D-D 2 +D 3 
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Th r fore, It detects the convolution code 
"1, -1, -1, 1" corresponding to the Input code T, 
and output an output code. 

At this point. In the magnetic regenerating 
5 system 48, the convolution of (1-D) to limit the 
gain In the low- frequency band Is represented by 
(k-sD) as the general type. Thus, the first 
embodiment Is In the case of k= 1 and s-1. Further, 
the overall convolution. Including the recording 

10 system and the regenerating system. Is generally 
represented by following one. 

(1-D) (k-s D) • (1+D) n 
Therefore, it is understood that, in the first 
embodiment, the convolution of (1+D) n to 

15 attenuate the gain In the high-frequency band is 
in the case of n-1. 

Fig. 9 Is a block diagram when applying the 
first embodiment of the present invention of Fig. 
6 to a read channel 30 used In a hard disk drive 

20 of Fig. 5. In Fig. 9, the recording system 

consists of an encoder 62, a write compensation 
circuit 64, an NRZI converting circuit 66, a write 
amplifier 68 and a write head 70. The 
regenerating system consists of a read head 72, 

25 a pre-ampllf ier 74, AGC circuit 76, a low-pass 
filter 78, a sample circuit 80, an equalizer 82, 
a maximum-likelihood detecting circuit 84, a 
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decoder 86 and a VFO circuit 88. For th read 
channel of Fig. 9, the operation thereof Is 
described as bellow. Input data Is converted to 
the code that the number of successive zero (0) 
5 Is limited, such as the 8/9 RLL code, on the 
encoder 62. The write compensation circuit 64 
moves the recording location slightly In advance 
to compensate NLTS (Non-Linear Transition Shift). 
The NRZI converting circuit 66 Is composed of 

10 single-step flip-flop, and converts RZ (Return to 
Zero) code to NRZI (Non-Return to Zero Interleave) 
code. In this conversion on the NRZI converting 
circuit 66, pre-codlng of 1/(1-D) and convolution 
operation of (1-D) are performed effectively. 

15 The write amplifier 68 sends a recording current 
corresponding to the data to the write head 70, 
activates It , and makes it magnetically record the 
data on the medium which is not shown. The read 
head 72 has differential detecting 

20 characteristic to detect change in magnetization 
of the medium, therefore the data recorded 
step-by-step is detected by the read head 72 as 
differentiated Impulses. At the same time, since 
the medium has the transfer characteristic 

25 corresponding to the frequency characteristic 

thereof, the Impulse response waveform known as 
the approximate expression of Lorentz Is output 
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from the read head 72. This characteristic H(f ) 
determined by the frequency characteristics of 
the medium and the head would be, for example, as 
shown In the transfer characteristic 90 of Fig. 
5 10, the characteristic being larger in the 

lower-frequency band, and more attenuated in the 
higher-frequency. Referring to Fig. 9 again, 
after amplified by pre-amplif ier 74, the head 
regeneration signal is additionally controlled 

10 at constant amplitude at the AGC circuit 76, and 
its unnecessary noises are removed by the low-pass 
filter 78. The low-pass filter 78 constitutes a 
part of the equalizer 82 In the subsequent stage. 
The sample circuit 80 samples and holds the 

15 regeneration signal with the clock from the VFO 
circuit 88, or digitizes with an A/D converter. 
The equalizer 82 consists of a transversal filter 
and the like, the transfer characteristic thereof 
is coordinated so that the product with the 

20 transfer characteristic of the low-pass filter 78 
in the preceding stage becomes the transfer 
characteristic Q(f ) which Is represented by the 
equation (2). The equalizer 82 may be the 
adaptable type which performs automatic 

25 coordination corresponding to the regeneration 
signal. Fig. 11 shows the transfer 
characteristic of the equalizer 82 Including the 
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low-pass filter 78 , as schematic characteristic 
92. The equalizer transfer characteristic Q(f) 
given by the characteristic 92 in the first 
embodiment would be characteristic substantially 
5 attenuated in the low-frequency band and boosted 
in high-frequency band, then attenuated with 
Nyqulst frequency fn. Referring to Fig. 9 again, 
the VFO circuit 88 Is one which generates a clock 
signal synchronized to the regeneration signal, 

10 and may be achieved with the method disclosed in, 
for example, publication No . JP1-143447. Also, 
by splitting the equalizer circuit 82 into parts 
of a (1 + D) filter and a (1-D) filter, and inputting 
the output of the (1 + D) filter into the VFO circuit 

15 88, it is achieved by prior art. 

Fig. 12 shows the relationship of the 
equation (1) which gives equalizing target 
characteristic 54 of Fig. 7, by transfer 
characteristic diagrams. In Fig. 12, the right 

20 side of the equation (1) Is given by the product 
of the cosine roll-off characteristic R(f ) of the 
Nyqulst equalizer and G(f ) which is convolution 
of (1-D) (1+D), as shown by the upper part of Fig . 
12. Also, the left side of the equation (1) is 

25 the product of the transfer characteristic H(f ) 
of the magn tic regenerating system and the 
equalizer transfer characteristic Q(f ), as shown 
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by the lower part of th figure, and this gives 
the equalizing target oharaoterist io 54 in the 
middle part. Therefore, from the equation (2) 
which is obtained by dividing the equalizing 
5 target characteristic 54, given by the R(f ) X G(f ) , 
by the transfer characteristic H(f ) of the 
magnetic regenerating system, the transfer 
characteristic Q(f) of the equalizer 82 to be 
adjusted may be obtained. 

10 Now, the maximum-likelihood detecting 

circuit 8 4 of Fig . 9 1s described . The 
maximum-likelihood detecting circuit 84 operates 
so that the convolution code "1, -1, -1, l n Is 
detected with Viterbi algorithm, in time sequence, 

15 from the partial response equalizing waveform 
output from the equalizer 82. 

Fig. 13 is a trellis diagram showing possible 
combinations of the convolution code "1, -1, -1, 
1". In this trellis diagram, eight (8) nodes 

20 related to three (3) bits from (n-3) bit to (n-1) 
bit of the left part are illustrated. In the 
right part, three (3) bits from (n-2) bit to n bit, 
which are advanced one (1) bit, are illustrated, 
and the next bit is "0" or "1", so if the next bit 

25 is "0", transition to the condition of dotted line 
will be occur, and if the next bit is "1", 
transition to the condition of solid line will be 



occur. Further, possible voltage values at this 
point are shown above and bellow the three (3) bits 
In the left part. The voltage values take values 
"+2, +1, 0, -1, -2" which Is combined by addition 
5 when the convolution code "1, -1, -1, 1" is 

mismatched within the overlapping range. Since, 
when convolutlng one (1) bit into four (4) bits, 
the constraint length = 4, leading three (3) bits 
are affected by preceding bits, but the forth bit 

10 is not affected, and determined uniquely. For 
example, when the leading three (3) bits from 
(n-3) bit to (n-1) bit are "000", if the voltage 
value Is 0, nth bit will move to "0" as the top 
dotted line, and if the voltage value is +1, nth 

15 bit will move to n l n as the next solid line. Now, 
the maximum-likelihood detecting method using 
the trellis diagram of Fig. 13 is described. In 
the principle of the maximum-likelihood 
detection, by squaring the difference between the 

20 voltage values considered to be the trellis 

diagram target and the actual sample voltage (not 
matched to the target voltage value, because of 
the noises), and cumulatively adding the results 
for each bit, the cumulative square error Is 

25 obtained. After obtaining the cumulative square 
errors for all the possible combination shown in 
the trellis diagram, the combination (path) which 
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has th smallest cumulative square error Is 
detected as one with maximum-likelihood. 

Fig. 14 is a block diagram showing a concrete 
example of the maximum-likelihood detecting 
5 circuit 84 of Fig, 9. In a cumulative square 
error detecting circuit 94 , the square error is 
detected from difference between 16 voltage 
values which is considered to be targets of the 
trellis diagram in Fig. 13 and the sample values 

10 of the partial response equalizing waveform. A 
cumulative square error retaining circuit 100 
retains eight (8) node cumulative square errors 
corresponding to eight <8) nodes in the trellis 
diagram of Fig. 13. A cumulative square error 

15 calculating circuit 96 calculates new 16 branch 
cumulative square errors by adding eight (8) node 
cumulative square errors and 16 node cumulative 
square errors, respectively. A compare and 
select circuit 98 compares the branch cumulative 

20 square errors indicated by two arrows related to 
each node in the right part of the trellis diagram 
of Fig. 13, determines that smaller data has 
higher likelihood, and outputs the data and select 
signals to a path memory 102. Simultaneously, it 

25 outputs the branch cumulative square error 
corresponding to the selected data to the 
cumulative square error retaining circuit 100 as 
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new node cumulative square error for that node. 
The path memory 102 consists of multi-stage 
registers recording the selected path, records 
the selected data from the compare and select 
5 circuit 98, and copies the data In each stage 
according to the select signal, as shown In the 
trellis diagram of Fig. 13. In this way, one half 
of paths continues to exist In each stage, and the 
other half disappears. By repeating these 

10 comparison and selection of the paths, the path 
with maximum- likelihood will continues to exist 
till the last, and the maximum-likelihood 
detection will be done. The detected code 
considered as one with maximum- likelihood In path 

15 memory 102 Is processed In a post-coder 104 Into 
the detected data, and finally, by 9/8 conversion 
In the decoder 86 of Fig. 9, Into the data. 

Fig. 15A to Fig. 151 are time charts which 
give detail description of process in the 

20 recording/regenerating systems of Fig. 9 and Fig. 
14. The data of Fig. ISA is converted to 8/9 RLL 
code in which every eight (8) bits is converted 
to nine (9) bits, and becomes the input data of 
Fig. 15B. In the process of NRZI converting 

25 circuit 66, 1/(1-D) is calculated firstly, and 
this is equivalent to applying the logic operation 
excluslve-OR to th input code and the last data 
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befor the result of 1/(1-D) operation. The 
convolution of (1-D) Is equivalent to subtracting 
the 1/ ( 1-D ) operation result which Is delayed once . 
These 1/(1-D) and (1-D) operations are 
5 equlvalently performed In the single-stage 
flip-flop of the NRZI converting circuit 66. 
Further, the write amplifier drives the write head 
70, so that the direction of recording current is 
reversed whether the value is "1" or "-1". The 

10 signal recorded on the medium Is converted to 

Impulse by differential detecting action of the 
read head of Fig. 15D, and the Impulse response 
waveform like Fig. 15E is obtained as head output, 
depending on the transfer characteristics of the 

15 medium and the head. The equalizer 82 consists 
of, for example, 10 tap transversal FIR filters, 
and, as shown In Fig. 15F, by repeating the 
adjustment of each tap gain of the equalizer 82 
corresponding to the offset amount of the sample 

20 point voltage from the five (5) values of ±2, ±1 
and 0, automatic adjustment to the target transfer 
characteristic Q(f) such as Fig. 11 may be 
performed. An equalizer provided with the 
automatic adjustment function Is called 

25 adaptable type equalizer, and the adaptation 
method thereof is called the steepest descent 
method. As a result, the sample point voltage 
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output from the equalizer 82 is " + 2, +1, 0, -1" 
as shown by black dots of Fig. 15F, and considered 
to be the partial response waveform which Is 
subjected to Nygulst equalizing* By the way, the 
5 waveform without noises Is shown In Fig. 15, for 
convenience of description, but actually, the 
waveform has convoluted noises. If the noises 
are convoluted, the operation of the equalizer 82 
doesn't change basically. In the 

10 maximum- likelihood detecting circuit 84, the 
convolution code Is detected according to the 
description of Fig. 14. In Fig. 15G, the solid 
line shows the path continued to exist through 
this maximum- likelihood detection, and the 

15 dotted lines show the disappeared paths. The 
data detected by this maximum- likelihood 
detection method Is processed in the post-coder 
104 Into the output code of Fig. 15H, then, 
subjected to the 9/8 conversion in the decoder 86 

20 of Fig. 9, and becomes the data of Fig. 151. 

Fig. 16 Is a block diagram of a second 
embodiment of the present Invention, and the 
second embodiment is wherein ( 1-D) • ( 1-2D) ■ ( 1+D) 
PRML structure is covered. In Fig. 16, the second 

25 embodiment consists of the NRZI recording system 
44, the differential detector 46, the magnetic 
regenerating system 48, an equalizer 106 and a 
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maximum- likelihood detecting circuit 108. Among 
these, from the NRZI recording system 44 to the 
magnetic regenerating system 48 are basically 
same as the first embodiment In Fig. 6. The 
5 transfer characteristic Q(f ) of the equalizer 106 
Is expressed by equation (2), except G(f) In the 
right side of the equation (2). More 
specifically. In the second embodiment, the 
equation Is as follows. 

10 G(f )=(2-D) (1+D) 1 (3) 

In this case, the equalizing target 
characteristic given by R(f)*G(f) Is the 
characteristic 110 of Fig. 17. It Is noted that 
the characteristic 56 Is cosine roll-off 

15 characteristic R(f ) of the Nyqulst equalizer. It 
is understood that the convolution of (2-D) • (1 + D) 
which is the convolution In the magnetic 
regenerating system 48 and the equalizer 106 of 
the first embodiment is in the case of k=2 , s = 1 , 

2 0 and n= 1 for the general type (k-s • D) - (1 + D) n . From 
the equalizing target characteristic given by the 
characteristic 110 of Fig. 17, the Impulse 
response waveform 112 shown by Fig. 18 Is obtained 
from output of the equalizer 106. In this Impulse 

25 response waveform 112, the partial response 

equalizing waveform, which is +2 at time 0, -1 at 
time IT, -1 at time 2T, and 0 at other times ±nT 
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(n ±s Integer), Is obtained. In this figure, the 
dotted line Is the partial response equalizing 
waveform 114 corresponding to a negative Impulse. 
Further, Fig. 18 shows, for convenience of 
5 description, the waveform without noises, but 

actually It Is the waveform with convoluted noises, 
and fluctuates around the value. The 
maximum- likelihood detecting circuit 108 of Fig. 
16 receives the partial response equalizing 

10 waveform with convoluted noise output from the 
equalizer 106, and detects the convolution code 
according to Viterbi algorithm. In the second 
embodiment, the convolution of (1-D) In the 
recording system and the convolution of (2-D)- 

15 (1 + D) 1 In the regenerating system has been done, 
therefore, expansion to 

(1-D)*(2-D)* ( 1+D)=2-D-2D 2 +D 3 
is possible. Therefore, to the Input code "1", 
convolution code "2, -1, -2, 1" Is detected, and 

20 the output code is output. 

Now, specific structure in the case that the 
second embodiment of Fig. 16 is applied to the read 
channel 30 which Is provided to the hard disk drive 
of Fig. 2 is described. A block diagram in the 

25 case that the second embodiment is applied to the 
read channel 30 is same as the first embodiment 
of Fig. 9, also the functions thereof from the 
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r cording system to the sample circuit 80 of the 
regenerating system are basically same as the 
first embodiment of Fig. 9, and the equalizer 82 
and the maximum- likelihood detecting circuit 84 
5 have structure and operation unique to the second 
embodiment* The transfer characteristic Q(f ) of 
the equalizer circuit 84 In the second embodiment. 
Including the transfer characteristic of the low- 
pass filter 78, is shown by transfer 

10 characteristic 116, schematically. In this 

figure, characteristic 92 shown by a dotted line 
Is the equalizer transfer characteristic of the 
first embodiment. When comparing the equalizer 
transfer characteristic 92 of the first 

15 embodiment to the equalizer transfer 

characteristic 116 of the second embodiment. It 
is understood that, by performing the convolution 
of (2-D) of the second embodiment corresponding 
to the convolution of (1-D) of the first 

20 embodiment, the gain in the low-frequency band is 
Increased. 

Fig. 20 shows the relationship of the 
equation (1) which gives equalizing target 
characteristic 110 of Fig. 17 In the second 

25 embodiment, by transfer characteristic diagrams. 
In Fig. 20, the upp r part shows R(f) X G(f) in 
the right side of the equation (1) wh r in G(f) 
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Is the convolution In th r g neratlng system, 
since. In the second embodiment, the convolution 
attenuating the low- frequency band Is (2-D), the 
gain In the low-frequency Is larger than (1-D) 
5 shown by the dotted line of the first embodiment. 
By multiplication of the G(f) and the cosine 
roll-off characteristic R(f) of the Nyquist 
equalizer, equalizing target characteristic 110 
of the second embodiment In the middle part of Fig. 

10 19 Is obtained. This equalizing target 

characteristic 110 Is equivalent to the product 
of the transfer characteristic H(f ) of the 
magnetic regenerating system In the left side of 
the equation (2) and the equalizing transfer 

15 characteristic Q(f). Therefore, the equalizing 
transfer characteristic Q(f ) may be adjusted to 
the characteristic of the equation (2) wherein the 
equalizing target characteristic 110 given by 
R(f ) *G(f ) Is divided by the magnetic regenerating 

20 transfer characteristic H ( f ) . In this point, the 
VFO circuit 88 of Fig. 9 used In the second 
embodiment may be achieved by prior art, by 
splitting the equalizer 82 Into parts of a (1 + D) 
filter and a (1-D) filter, and inputting the 

25 output of the (1+D) filter into the VFO circuit 
88. 

The maximum-likelihood d tectlng circuit of 
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th second embodiment, which Is basically same as 
that of the first embodiment shown In Fig. 14, 
operates so that the convolution code "2, -1, -2, 
1" is detected with Viterbi algorithm, in time 
sequence. Fig 21 shows a trellis diagram showing 
possible combinations of the convolution code of 
the second embodiment. In this case, again, 
since one (1) bit Is convoluted into four (4) bits, 
the constraint length = 4. The detected code 
considered as one with maximum- likelihood in this 
way is processed in a post-coder 104 in Fig. 14 
into the detected data, and finally, by 9/8 
conversion In the decoder 86, into the decoded 
data. In the same way as the first embodiment of 
the Fig. 9. 

Fig. 22A to Fig. 221 are time charts which 
show details of recording and regenerating in the 
second embodiment. Since the data of Fig. 22A to 
the head output of Fig* 22E are basically same as 
Fig. 15A to Fig. 15E, those are not described 
bellow. The equalizer of Fig. 22E consists of, 
for example, 10 tap transversal FIR filters, and 
the sample point voltage takes seven (7) values 
"+3, +2, +1, 0, -1, -2, -3" because of the 
convolution code of n 2, -1, -2, l n overlapping 
each other, therefore, the partial response 
equalizing wav form which Is Nyqulst equalized is 
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output as shown. The maximum- likelihood 
detecting circuit of Fig. 22G performs 
maximum-likelihood detection with Vlterbl 
algorithm according to the trellis diagram in Fig. 
5 21 # and output the output code of Fig. 22H. 
Finally, 9/8 conversion is performed in the 
decoder, and the data of Fig. 221 is output. 

Fig. 23 Is a third embodiment of the present 
invention, and the third embodiment is wherein 

10 (1-D) • (3-2D) • (1+D) 1 PRML structure is covered. 

In the third embodiment, from the NRZI recording 
system 44 to the magnetic regenerating system 48 
are basically same as those of the first 
embodiment in Fig. 6. The transfer 

15 characteristic Q(f ) of the equalizer 118 Is 

expressed by equation (2) , except the convolution 
G(f ) in the regenerating system In the right side 
of the equation (2). In the third embodiment, 
G(f) is 

20 G(f)=(3-2D)(1+D) 1 . 

Therefore, the equalizing target characteristic 
of the third embodiment which is given by the 
product of G(f ) of the equation (4) and the cosine 
roll-off characteristic R(f ) of the Nyquist 

25 equalizer is the characteristic 122 of Fig. 24. 
In this figure, the characteristic 56 shown by th 
dotted lln is the cosine roll-off characteristic 
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R(f) of the Nyqulst equalizer. In this figure, 
the convolution in the regenerating system of the 
third embodiment is In the case of k=3, s = 2, and 
n=l for the general type (k-s-D) • ( 1+D ) n . 
5 The Impulse response waveform 124 shown by 

Fig. 25 is obtained from output of the equalizer 
118, whloh has the equalizing target 
characteristic as in Fig. 24. In this Impulse 
response waveform 124, the partial response 

10 equalizing waveform, which Is +3 at time 0, +1 at 
time + 1T, -2 at time 2T, and 0 at other times ±nT 
(n Is Integer), is obtained. In this figure, the 
dotted line Is the partial response equalizing 
waveform 126 corresponding to a negative Impulse. 

15 Further, for convenience of description, the 

waveform without noises Is shown, but actually it 
is the waveform with convoluted noises, and 
fluctuates around the value. The 

maximum-likelihood detecting circuit 120 of the 
20 third embodiment detects the convolution code 

according to Vlterbl algorithm from the partial 
response equalizing waveform with convoluted 
noises. In the third embodiment, the convolution 
of (1-D) In the recording system and the 
25 convolution of ( 3 - 2D ) • ( 1+D ) 1 in the regenerating 
system has been done, therefore, expansion to 
(1-D)*(3-2D)* (1+D)=3-2D-3D 2 +2D 3 



is possible. Therefore, convolution code n 3, -2, 
-3, 2" corresponding to Input code "1" Is detected, 
and the output code Is output . 

A block diagram In the case that the third 
5 embodiment, which has the basic structure of Fig, 
23, is applied to the read channel 30 in the hard 
disk drive of Fig. 2 Is same as the first 
embodiment of Fig. 9. More specifically, from 
the recording system to the sample circuit 80 of 

10 the regenerating system In Fig. 9 are basically 
same as the first embodiment. The transfer 
characteristic Q(f ) of the next equalizer circuit 
82 of the third embodiment, including the transfer 
characteristic of the low pass filter 78, is shown 

15 by characteristic 128 of Fig. 26, schematically. 
In this figure, characteristic 92 shown by a 
dotted line is the characteristic of the first 
embodiment of Fig. 11, and characteristic 116 
shown by a dotted line is the characteristic of 

20 the second embodiment of Fig. 19. Therefore, 
characteristic 128 which gives the equalizer 
transfer characteristic Q(f) in the third 
embodiment is in the middle of the characteristic 
92 in the first embodiment and the characteristic 

25 116 in the second embodiment. In this point, the 
VFO circuit 88 used in the third embodiment of Fig. 
9 may be achieved by prior art, by splitting the 



equalizer 82 Into parts of a (1 + D) filter and a 
(1-D) filter, and Inputting the output of the 
(1+D) filter into the VFO circuit 88* 

Fig. 27 shows the relationship of the 
5 equation (1) which gives equalizing target 
characteristic 122 of Fig. 24 in the third 
embodiment, by each transfer characteristic 
diagram. In Fig. 27, G(f) corresponding to the 
convolution in the regenerating system Is given 

10 by the product of (3-2D) and (1+D), and (3-2D) 
takes the values middle of (1-D) of the first 
embodiment and (2-D) of the second embodiment, 
which are shown by the dotted lines. Then, by 
calculating the product of G(f ) and the cosine 

15 roll-off characteristic R(f) of the Nyquist 

equalizer, the equalizing target characteristic 
122 of the third embodiment Is obtained. Since 
the equalizing target characteristic 122 Is 
equivalent to the product of the transfer 

20 characteristic H(f) and the equalizer transfer 
characteristic Q(f ) in the recording system, by 
the equation (2) wherein divides the equalizing 
target characteristic 122 with the transfer 
characteristic H(f ) in the recording system, the 

25 equalizer transfer characteristic Q(f ) may be 
obtained. 

The maximum- likelihood detecting circuit 84 
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of th third embodiment In Fig. 9, which has 
basically same structure as that of the first 
embodiment In Fig* 14, operates so that the 
convolution code "3, -2, - 3 , 2" is detected with 
5 Viterbi algorithm, in time sequence. Fig 28 
shows a trellis diagram showing possible 
combinations of the convolution code of the third 
embodiment. In this case, since one (1) bit Is 
convoluted Into four (4) bits, the constraint 

10 length = 4. The detected code considered as one 
with maximum-likelihood In this way Is processed 
in the post-coder 104 In Fig. 14 into the detected 
data, and finally, by 9/8 conversion in the 
decoder 86 of Fig. 9, into the decoded data. 

15 Fig. 29A to Fig. 291 are time charts which 

show details of recording and regenerating in the 
third embodiment. From the data to the head 
output of Fig. 29A to Fig. 29E are basically same 
as the first embodiment of Fig. 15A to Fig. 15E. 

20 The equalizer of Fig. 29E consists of, for example, 
10 tap transversal FIR filters, and the sample 
point voltage takes nine (9) values n + 5, +3, +2, 
+ 1, 0, -1, -2, -3, -5" because of the convolution 
code of "3, -2, -3, 2" overlapping each other, 

25 therefore, the partial response equalizing 

waveform which Is Nyqulst equalized shown In Fig. 
29F is output. The maximum- likelihood detecting 
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circuit of the third embodiment performs 
maximum- likelihood detection like Fig. 29 with 
Vlterbl algorithm according to the trellis 
diagram in Fig. 28 , and output the output code with 
5 maximum-likelihood shown by the solid line of Fig. 
29H. On the other hand, the dotted line is the 
paths disappeared. Finally, 9/8 conversion is 
performed in the decoder, and the data of Fig. 291 
is output. In this way, whether it is the first 

10 embodiment, the second embodiment or the third 
embodiment, by Incorporating the convolution of 
(k-s-D) into the regenerating system in order to 
reduce the noises in the low-frequency band, the 
degree of freedom In the transfer characteristic 

15 of the equalizer is Increased, and It is possible 
to make filter characteristic suitable to the 
noise characteristic of the medium and the like, 
therefore optimization of the regenerating 
system Is achieved, and error rate may be 

20 improved. 

Fig. 30 is basic structure of a fourth 
embodiment, and the fourth embodiment Is wherein 
(1-D) (3-2D) • (1+D) 2 PRML structure is used, 
wherein. In addition to third embodiment, the 

25 convolution of (1+D) in the regenerating system 
Is also performed. 

In Fig. 30, from the NRZI recording syst m 



44 to the magnetic r generating system 48 are 
basically same as those of the first embodiment 
In Fig. 6. The transfer characteristic Q(f ) of 
the next equalizer 130 Is expressed by equation 
5 (2), wherein G(f) which is the convolution in the 
regenerating system is different. Specifically, 
G(f ) of the fourth embodiment is given by 

G(f )=(3-2D) (1+D) 2 (5) . 

Therefore, the equalizing target characteristic 

10 of the regenerating system which is given by the 
product of and the cosine roll-off characteristic 
R(f) of the Nyqulst equalizer In the right side 
of the equation (1) and G(f) of the equation (5) 
is the characteristic 134 of Fig. 31. The 

15 characteristic 56 shown by the dotted line Is the 
cosine roll-off characteristic R(f ) of the 
Nyqulst equalizer. From output of the equalizer 
136, which achieves the equalizing target 
characteristic in the regenerating system like 

20 this, the Impulse response waveform 134 shown by 
the solid line of Fig. 32 Is obtained. This 
Impulse response waveform 136 Is the partial 
response equalizing waveform, which is +3 at time 
0, +4 at time IT, -1 at time 2T, -2 at time 3T, 

25 and 0 at other times ±nT (n is Integer) . In this 
figure, a waveform 138 shown by the dotted line 
is th partial response equalizing waveform 
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corresponding to a negative lmpuls . Further, 
for convenience of description, the waveform 
without noises Is shown, but actually It Is the 
waveform with convoluted noises, and fluctuates 
around the value. 

The maximum- likelihood detecting circuit 
132 of the fourth embodiment detects the 
convolution code according to Viterbi algorithm 
from the partial response equalizing waveform 
with convoluted noises. In the fourth embodiment, 
the convolution of (1-D) In the recording system 
and the convolution of ( 3 - 2D ) ■ ( 1+D ) 2 in the 
regenerating system has been done, therefore, 
expansion to 

(1-D)(3-2D)( 1 + D) 2 = 3 + D-5D 2 -D 3 + 2D 4 
is possible. Therefore, convolution code "3, 1, 
-5, -1, 2" corresponding to the input code "1" is 
detected, and the output code is output. Now, 
specific structure in the case that the basic 
structure of the fourth embodiment of Fig. 30 is 
applied to the read channel 30 of the hard disk 
drive of Fig. 2 is described. A block diagram in 
the case that the fourth embodiment Is applied to 
the read channel Is same as the first embodiment 
of Fig. 9. More specifically, from the recording 
system to the sample circuit 80 of th 
regenerating system are basically same as the 
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first mbodlment, and the qualizer 82 and the 
maximum- likelihood detecting circuit 84 have 
structure unique to the fourth embodiment. The 
transfer characteristic Q(f) of the equalizer 
5 circuit 82 In the fourth embodiment. Including the 
transfer characteristic of the low -pass filter 
78 In the preceding stage, is shown by 
characteristic 140 of Fig. 33, schematically. In 
this figure, characteristic 128 shown by the 

10 dotted line Is the characteristic 128 of the third 
embodiment In Fig. 26. Comparing to the 
equalizer transfer characteristic 128 of the 
third embodiment, it Is understood that, in the 
characteristic 140 of the fourth embodiment, by 

15 adding the further convolution of (1-D) to the 
regenerating system, the gain In the 
high-frequency band is decreased, and the gain in 
the low-frequency band Is Increased 
simultaneously . 

20 Fig. 34 shows the relationship of the 

equation (1) which gives equalizing target 
characteristic of the regenerating system In the 
fourth embodiment, by transfer characteristic 
diagrams. From Fig. 34, It is obvious that, along 

25 with (3-2D)(l+D) of the third embodiment, the 
convolution of (1 + D) is also added to G(f) which 
gives the convolution in regenerating syst m. 
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therefore, the gain in the high-frequency band is 
decreased, and the gain in the low- frequency band 
is Increased. The product of G(f) in the 
regenerating system and the cosine roll-off 
5 characteristic R(f ) of the Nyqulst equalizer Is 
the equalizing target characteristic 14 0 In the 
regenerating system shown in Fig. 33. In this 
condition, if the transfer characteristic H(f ) in 
the magnetic regenerating system Is known, the 

10 equalizing transfer characteristic Q(f) may be 
obtained from the equation (2), since the 
equalizing target characteristic 140 in 
regenerating system is equivalent to the product 
of the transfer characteristic H(f ) in the 

15 magnetic regenerating system and the equalizing 
transfer characteristic Q(f ) . In this point, the 
VFO circuit 88 of the fourth embodiment In Fig. 
9 may be achieved by prior art, by splitting the 
equalizer 82 Into parts of a (1+D) filter and a 

20 (1-D) filter, and inputting the output of the 
(1+D) filter into the VFO circuit 88. 

Now, the maximum-likelihood detecting 
circuit 84 of the fourth embodiment Is same as that 
of the first embodiment in principle, but since 

25 one (1) bit is convoluted Into five (5) bits, the 
constraint length = 5, and needed circuit amount 
is nearly twice as much as that of the first 
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embodiment to the third embodiment, wherein the 
constraint length = 4. Specifically, a square 
error detecting circuit 94 In the 

maximum-likelihood detecting circuit of Fig. 14 
5 retains 16 node cumulative square errors 

corresponding to 16 nodes In the trellis diagram 
of Fig. 35. The cumulative square error 
calculating circuit 96 calculates new 32 branch 
cumulative square errors by adding 16 node 

10 cumulative square errors and 3 2 node cumulative 
square errors, respectively. The compare and 
select circuit 98 compares the branch cumulative 
square errors Indicated by two arrows in the nodes 
of the right part of the trellis diagram of Fig. 

15 35, considers that smaller data has higher 
likelihood, and outputs the data and select 
signals to a path memory 102. 

Simultaneously, The compare and select circuit 98 
outputs the branch cumulative square error 

20 corresponding to the selected data to the 

cumulative square error retaining circuit 100 as 
new node cumulative square error for that node. 
The path memory 102 consists of multi-stage 
registers recording the selected path, records 

25 the selected data from the compare and select 
circuit 98, and copies the data In ach stage 
according to the select signal, as shown in the 
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trellis diagram of Fig. 35. In this way, one half 
of paths continues to exist In each stage, and the 
other half disappears. By repeating this, only 
the path with maximum- likelihood will continues 
5 to exist on the path memory 102, and the 

maximum- likelihood detection will be done. In 
this way, the maximum- likelihood detecting 
circuit of the fourth embodiment operates so that 
the convolution code "3, 1, -5, -1, 2" is detected 

10 In time sequence. The detected data considered 
as one with maximum- likelihood Is processed in a 
post-coder 104 Into the detected data, and finally, 
converted by 9/8 conversion in the decoder 86 of 
the fourth embodiment of Fig. 9 to the decoded 

15 data. 

Fig. 36A to Fig. 361 are time charts which 
show details of recording and regenerating In the 
fourth embodiment. The data of Fig. 36A to the 
head output of Fig. 36E are same as Fig. 15A to 

20 Fig. 15E In the first embodiment. The output 

waveform of the equalizer of Fig. 36F consists of, 
for example, 10 tap transversal FIRE filters, and 
the sample point voltage In this case Is 11 values 
n +5, +4, +3, +2, +1, 0, -1, -2, -3, -4, -5" because 

25 of overlapping of the convolution code of n 2 # -1, 
-2, 1" offsetting each oth r, therefor , the 
partial response equalizing waveform which is 
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Nyqulst egualiz d Is output as shown. The 
maximum- likelihood detecting circuit of Fig. 36G 
performs maximum- likelihood detection with 
Vlterbl algorithm according to the trellis 
5 diagram shown in Fig. 35 , and the paths shown by 
the solid lines will be continued to exist, then 
the output code of Fig. 36H is output. Finally, 
by performing 9/8 conversion of the output code, 
the data of Fig. 361 is decoded. 
10 In the embodiments, for (k-s D) • ( 1 + D) n which 

is the general type of the convolution in the 
regenerating system, in the cases of 

k=l, s = l, n= 1 , which is the first embodiment, 
k=l, s = 2 , n=l , which is the second 
15 embodiment, 

k = 3, s = 2, n=l, which is the third embodiment 

and 

k=3, s=2, n=2 , which is the fourth 
embodiment , 

20 are used as examples, but the present invention 
is not limited to these, and it is possible to set 
any filter characteristics suitable to medium 
noises and the like by optimizing K, S and n to 
the transfer characteristic 11(f) in the magnetic 

25 regenerating system determined by the frequency 
characteristics of th medium and th head. 

Also, in the embodiments, though the case of 



45 



being provided with NRZI circuit which performs 
the convolution of (1-D) In the recording system 
Is used as example, other recording system which 
does not include the convolution of (1-D) may be 
5 also applicable. 

Further, in the embodiments, if a direct 
current element results In problems, it may be 
possible to provide a scrambling circuit before 
the encoder to randomize the data, and when 

10 regenerating, to provide a descrambllng circuit 
after the decoder to restore the data. 

Further, in the embodiments, though VFO 
circuit receives Input from filter output, the 
structure which receives input from equalizer 

15 output may be used. 

Further, in the embodiments, though the cases 
that the maximum-likelihood circuit takes square 
error is described, the structure multiplying the 
constant number including 1 may be used. 

20 Further, the regenerating system after the 

sample circuit may consist of analog circuits, or 
digital circuit with quantization. 

Further, though the write head and the read 
head are described as separate heads, these may 

25 be identical head. Further, though 8/9 RLL code 
Is used as example of RLL code, other codes such 
as 16/17 RLL code may be applicable. 
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Further, the present Invention Includes any 
appropriate variants Insofar as they do not Impair 
objects and advantages of the Invention. The 
present Invention Is not limited by the numerical 
5 values denoted In the embodiments. 

INDUSTRIAL APPLICABILITY 
As set forth hereinabove, according to the 
present Invention, by Including at least the 

10 convolution of (k-s-D) in the regenerating system, 
noises with peaks of power In low-frequency band, 
such as medium noises, may be reduced effectively, 
and with this reduction of noises In low- frequency 
band. It may be possible to Increase recording 

15 density. Improve regenerating error rate, and 
also Improve regenerating error rate with 
reduction of sldestrokes. 

Further, by optimizing Integer k and s In the 
convolution of (k-s*D), the degree of freedom In 

20 the transfer characteristic of the equalizer Is 
increased, and It is possible to easily achieve 
filter characteristic suitable to the noise 
characteristic of the medium and the like, and by 
this optimization of integer k and s, it is 

25 possible to effectively reduce noises In 

low-frequency band, and Increase recording 
density. Especially, though, since an area of 
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one (1) bit will be closing in on that of particles 
of magnetic materials in the future, the medium 
noises would be Increased, the noises In 
low-frequency band can be effectively reduced, 
5 and significant contribution to the Improvement 
of recording density can be achieved, by including 
the convolution of (k-sD) in the regenerating 
system of the present invention. 



